Abstract: In this work, a novel porthole hot extrusion die design for thin-walled aluminum alloy profile is introduced and its thermo-mechanical modeling for the analyses of metal flow and deformation is performed. In order to explore the sources of undesirable deformation, non uniform relative exit velocity of profile and mandrel deflection is analyzed based on the simulation model. Finally, the optimization design of extrusion die structure is proposed for extrusion process control strategy.
Introduction
Aluminum alloy extrusion has become a widely used metal forming process due to its high efficiency, excellent quality, and low consumption. The multi-output porthole die can be adopted to avoid a high extrusion ratio and to increase the demand of mass production due to lessen the plastic deformation of the die reduce the extrusion load. Sinha, et al. [1] pointed out that for a given billet and final product size, the required extrusion force is lower in the multi-hole extrusion than in the single-hole extrusion. However, owing to relatively complex metal flow laws coming into force during porthole die extrusion process, metal flow laws and deformation mechanisms are not completely clear, especially for the thin-walled hollow profile (e.g., thickness less than 1.0mm). This is due to that the mandrel deflection would be more sensitivity on the final dimension control for thin-walled profile.
Recently, many researchers have performed some simulation work on aluminum alloy extrusion to provide accurate and theoretical guidance for die design. Lof et al. [2] proposed a new approach for simulating the extrusion process of complex profiles and the simulated results for a particular porthole die show good agreement with the overall process characteristics. Fang et al. [3] studied the pocket die extrusion process and evaluated the effects of pocket and bearing length on temperature, velocity distribution, and extrusion force. The shape parameters of pocket and bearing length were found to be an effective factor on adjusting the metal flow and temperature, which were verified experimentally. Zhang et al. [4] investigated a three-hole porthole extrusion process of aluminum hollow tube by performing steady state FEM simulation. In their work, it was found that both of the number of portholes and the die orifice layout significantly influence the material flow, extrusion force, and welding pressure. The numerical simulation has been proven to be an efficient tool in revealing the extrusion process. However, it should also be noticed that the majority of researchers tended to focus on single-hole extrusion of large or complex profiles rather than multi-hole extrusion.
The aim of this work is to develop a multi-hole extrusion die for a thin-walled hollow profile and propose the optimization strategies by means of numerical methods. First, a novel thin-walled hollow profile extrusion die with 6 output is developed. Second, the thermo-mechanical model for multi-hole extrusion process to produce a hollow and thin-walled profile is carried out based on the Arbitrary Lagrangian Eulerian (ALE) method. Finally, the die mandrel deflection and the profile deformation during the porthole hot extrusion process are analyzed and discussed.
Thermo-Mechanical Modeling

Material and constitutive model
Aluminum alloy 6060 and H13 steel are chosen as work-piece and tool materials. The Sellars-Tegart model is used to describe its high-temperature deformation behavior during extrusion process [2] .
where σ is the flow stress,  is the effective strain rate, Q is the activation energy, R is the universal gas constant, and T is the absolute temperature, β, n, and A are the temperature independent material parameters.
The material constitutive parameters of AA6060 and the main physical properties of the H13 steel are listed in Table 1 . 
Extrusion die design
In this study, due to the high extrusion ratio (close to 100), the porthole extrusion process has been used to reduce the forming load and improve the product quality. As shown in Fig.1 , six profile output can be obtained for each extrusion. In this case, to obtain a better material flow system, the number of portholes is increased to 12. Meanwhile, each output hole is close to the center of any three portholes. This can help to get a balance metal flow. The structure of inner die mainly includes mandrel, bridge and porthole. As for outer die, the welding chamber and the bearing die length are the key structural design parts.
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Thermo-mechanical modeling
The extrusion process parameters used in simulation are given in Table 2 . The main thickness of aluminum profile is 0.7mm and the extrusion ratio is 96.7, which is a relatively high value for AA6xxx series material during hot extrusion of thin-walled profile. In order to balance the calculation accuracy and time consuming, a quarter of model was used for simulation due to symmetry while different element sizes and types at different domains within the whole model are assigned in accordance with the extent of local deformation. The region near the die bearing will undergo severe shear deformation because the final shape of the profile is formed in the die bearing. Thus, in the regions of bearing, finer triangular prism elements are assigned, as shown in Fig. 2 . While only upsetting deformation occurs in billet, relatively coarse tetrahedral elements are used here. 
Results and Discussions
In order to explore the sources of undesirable deformation of aluminum alloy profile, two control strategies were proposed to obtain the optimal aluminum alloy extruded profile. Especially for non-symmetrical profile or output distribution, it is more difficult to obtain the ideal shape profile after hot extrusion. One of the sources of undesirable deformation is non uniform relative exit velocity during extrusion process, as shown in Fig. 3 . It can be observed that the bearing length in the red areas should be increased to slow down the exit velocity. Or the bearing length in the blue area can be reduced to boost the exit material flow. The optimization of bearing length is an efficient method to balance the exit material flow at the output side during the extrusion process.
The other source is mandrel deflection or elastic deformation during extrusion process, as shown in Fig. 4 . Optimization design of die structure including the bearing length, pocket and welding chamber integrated with accurate prediction by means of thermo-mechanical modeling can be an alternative control strategy for porthole extrusion process. 
Conclusions
In the present paper, a new porthole extrusion die was designed and its thermo-mechanical model was developed. In order to explore the sources of undesirable deformation, non uniform relative exit velocity of profile and mandrel deflection was analyzed based on the simulation model. The optimization design of extrusion die structure for extrusion process control strategy was proposed. The obtained results should be further explored by means of thermo-mechanical modeling and material thermo expansion anisotropy analysis.
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